Background: The ventral tegmental area (VTA) is important for alcohol-related reward and reinforcement. Mouse VTA neurons are hyposensitive to c-aminobutyric acid (GABA) during ethanol (EtOH) withdrawal, and GABA responsiveness is normalized by in vitro treatment with histone deacetylase inhibitors (HDACi). The present study examined the effect of a systemically administered HDACi, suberanilohydroxamic acid (SAHA) on GABA sensitivity, and related molecular changes in VTA neurons during withdrawal after chronic EtOH intake in rats.
T HE VENTRAL TEGMENTAL area (VTA) and its associated circuitry are highly involved in alcohol reward and reinforcement (Koob and Volkow, 2010) . Neurons of the VTA provide dopamine (DA) to many brain areas implicated in drug and alcohol addiction, including the nucleus accumbens (NAc), prefrontal cortex, and basolateral amygdala (Albanese and Minciacchi, 1983; Koob and Volkow, 2016; Oades and Halliday, 1987) . VTA DA neurons are under inhibitory control by c-aminobutyric acid (GABA), which is released from interneurons (Margolis et al., 2012) as well as from afferent neurons from the rostromedial tegmental nucleus (Jhou et al., 2009) , NAc (Rahman and McBride, 2000) , lateral hypothalamus (Kallo et al., 2015) , and amygdala (Janak and Tye, 2015) . Increased DA release in the NAc is a common feature of drugs of abuse (Arora et al., 2010; di Chiara and Imperato, 1988; Luscher and Ungless, 2006) , which is achieved either by increasing the firing rate of DA VTA neurons or by blocking re-uptake of DA. Ethanol (EtOH) administration in vitro or in vivo increases DA VTA neuronal activity (Brodie et al., 1990 (Brodie et al., , 1999 Gessa et al., 1985) . Ultimately, the DA output of the VTA is controlled by a number of factors, including the release of GABA. Therefore, studying the effects of GABA in the context of the control of DA neuronal activity may yield insight into mechanisms of alcohol actions related to addiction.
Chronic alcohol administration alters brain neurocircuitry during the development of addiction and alcohol use disorder (Koob and Volkow, 2016) . In response to repeated alcohol exposure and withdrawal, altered epigenetic factors regulate withdrawal-related physiological changes (Pandey et al., 2008a) . Assessment of the effects of chronic and repeated alcohol on the brain should take epigenetic modifications into account as a potential mechanism for the persistence of neuroadaptive changes (Pandey et al., 2008a . Specific epigenetic alterations such as DNA methylation and histone modifications are consistently induced by chronic alcohol exposure (Berkel and Pandey, 2017; Kalsi et al., 2009; Moonat et al., 2010) . Changes in histone acetylation associated with chronic alcohol treatment have been demonstrated in the VTA (Arora et al., 2013; Shibasaki et al., 2011) , the amygdala (Pandey et al., 2008a) , and in numerous other brain areas, including cerebral cortex, prefrontal cortex, dorsal striatum, hippocampus, and NAc (Bohnsack et al., 2017; Botia et al., 2012; D'Addario et al., 2013; Dominguez et al., 2016; Finegersh et al., 2015; Hashimoto et al., 2017; Qiang et al., 2011; Simon-O'Brien et al., 2015) . Notably, reversal of alcohol-induced epigenetic modifications by histone deacetylase inhibitor (HDACi) treatment has been observed in the VTA (Arora et al., 2013) and amygdala (Sakharkar et al., 2012; You et al., 2014) . The histone deacetylase (HDAC) isoform HDAC2 has been shown to be up-regulated after alcohol and opiate treatment (Arora et al., 2013; Authement et al., 2016; Pandey et al., 2017; Sakharkar et al., 2014) , and this increase results in decreased histone acetylation, including at the histone H3 lysine 9 (H3K9) site, that decreases gene transcription (Krishnan et al., 2014; Moser et al., 2014) . The reduction in both GABA A receptor a1 subunit (Gabra1) mRNA expression and responsiveness to GABA in the prefrontal cortex after chronic alcohol exposure and withdrawal is associated with increased Hdac2 and Hdac3 mRNA levels and decreased histone H3K9 and H3K14 acetylation at the Gabra1 promoter; HDACi administration normalized Gabra1 expression and response to GABA (Bohnsack et al., 2018) .
We previously demonstrated that repeated EtOH treatment of C57BL/6J mice decreased the sensitivity of DA VTA neurons to GABA inhibition (Brodie, 2002) . Additional studies from our group demonstrated that the changes in GABA sensitivity in the mouse VTA are correlated with decreased acetylated histone and increased HDAC2 immunoreactivity (Arora et al., 2013) . In those studies, brain slices were incubated in vitro with HDACi for 2 hours prior to recording, and this treatment normalized the responses of VTA neurons to GABA (Arora et al., 2013) . While an epigenetic mechanism for reversing the GABA hyposensitivity localized to the VTA region was indicated, the question remained whether in vivo HDACi could also reverse VTA neuronal hyposensitivity, as this mode of drug delivery is more relevant to pharmacotherapeutic approaches for alcoholism. For the present study, we chose to use the LieberDeCarli liquid diet that is a standard method for inducing withdrawal symptoms after chronic drinking and that has been used by us and numerous other investigators in the field (Baldwin et al., 1991; Lieber et al., 1989; Pandey et al., 2008a; Sharda et al., 2012) . We investigated VTA neuronal sensitivity to GABA inhibition, and explored changes in HDAC2 and acetylated histone H3 lysine 9 (acH3K9) protein levels, as well as expression of mRNA for HDAC2 and GABA A receptor a1 and a5 subunits, after withdrawal from chronic EtOH exposure. In addition, we determined whether in vivo treatment with an HDACi, suberanilohydroxamic acid (SAHA; vorinostat), could restore GABA sensitivity to VTA neurons and normalize molecular changes induced by withdrawal.
MATERIALS AND METHODS

Animals
Male Sprague Dawley adult rats were purchased from Envigo (Indianapolis, IN). Animals weighing between 270 and 290 g were used in all experiments and randomly assigned to experimental groups. All rats were group housed and acclimatized for a week and then single-cage housed in a temperature-and humidity-controlled facility with a 12-hour light/dark cycle (6 AM to 6 PM) during EtOH treatment. All experiments were performed in accordance with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the University of Illinois at Chicago Institutional Animal Care and Use Committee.
Lieber-DeCarli Control/EtOH Diet Treatment
EtOH administration was accomplished by oral Lieber-DeCarli EtOH-containing diet feeding as described previously (You et al., 2014) . Male adult Sprague Dawley rats were individually housed and offered 80 ml of the Lieber-DeCarli control diet (Bio-Serv, Inc., Frenchtown, NJ) as their source of food and fluid for 3 days. After random assignment to experimental groups, rats in the pair-fed control groups continued to receive the control liquid diet for the entire length of treatment. Rats in the EtOH-fed groups were gradually introduced to EtOH over a 7-day period (concentrations increased daily) and then maintained on 9% (v/v) EtOH-containing LieberDeCarli liquid diet for 15 (withdrawal groups) or 16 (EtOH-vehicle group) days. The withdrawal groups were withdrawn from EtOH and given control diet for 24 hours before sacrifice, while the other groups remained on their diet for the final 24 hours. Fresh diet was provided daily between 5:00 and 6:00 PM, right before the beginning of the dark cycle of the housing facility. Control and EtOH diet rats were pair-fed as reported earlier (You et al., 2014) . In this model, the amount of alcohol diet consumed by rats reliably produces blood levels of 172 to 198 mg%, but after 24-hour withdrawal, the alcohol level in blood is undetectable (Pandey et al., 1992 (Pandey et al., , 2008a You et al., 2014) . At 24-hour withdrawal, rats given the same chronic alcohol treatment exhibited anxiety-like behavior in the elevated plus maze and light/dark box (Pandey et al., 2008a; You et al., 2014) .
When injections were made, SAHA (6.25 mg/ml, 50 mg/kg, and see below for preparation method) or vehicle was administered intraperitoneally (i.p.) 2 hours before sacrifice. Rat brains were sectioned for electrophysiological recording to assess the response to GABA or perfused for immunohistochemistry (IHC) to measure protein levels of GABA A receptor subunit a1 or a5, acetylated H3K9 and HDAC2, or collected for quantitative polymerase chain reaction (qPCR) measurement of HDAC2 or GABA A receptor subunits.
The groups for electrophysiology recordings were as follows: control diet fed and vehicle injected (CV, n = 8), control diet fed and SAHA injected (CS, n = 9), withdrawn from EtOH diet and vehicle injected (WV, n = 14), and withdrawn from EtOH diet and SAHA injected (WS, n = 10). The groups for protein levels of acetylated H3K9, HDAC2, and GABA subunits, measured by gold immunolabeling, were the same as those indicated for the electrophysiology recordings, with the addition of an EtOH diet-fed, vehicle-injected group (EV); 5 rats in each of these 5 groups were used. For qPCR measurement of mRNA expression of GABA A receptor subunits, the numbers of animals used in each group were as follows: CV, 5; CS, 4; EV, 4; WV, 4; WS, 5. Finally, for qPCR measurement of mRNA expression of HDAC2 isoform, no injections were made prior to sacrifice, and 3 treatment groups were used, control diet fed (C), EtOH diet fed with no withdrawal (E), and 24-hour withdrawal from EtOH diet (W) (n = 10 for each group).
SAHA Administration to Rats
SAHA (Vorinostat, Selleck Chemicals, Houston, TX) solution was prepared by dissolving 62.5 mg SAHA in 0.2 ml Dimethyl sulfoxide (DMSO) and vortexing until completely dissolved. Then, 4 ml of PEG 300, 0.5 ml propylene glycol, 0.1 ml Tween-80, 5.2 ml normal saline were added to the solution sequentially and vortexed after adding each compound. The final concentration of SAHA in the solution was 6.25 mg/ml, 2% DMSO, 40% PEG300, 5% propylene glycol, and 1% Tween-80 in saline. Control vehicle solution was prepared with the same solvents and in the same concentrations, again in saline. SAHA was injected at a dose of 50 mg/kg body weight and was given i.p. 2 hours before sacrifice.
In additional supplementary experiments, to correlate with our earlier in vitro mouse study, brain slices were made from rats withdrawn from chronic 9% EtOH Lieber-DeCarli diet for 24 hours (W) and these brain slices were incubated in artificial cerebrospinal fluid (aCSF) with either 3 lM SAHA in DMSO (n = 8) or 0.1% DMSO vehicle (n = 9) for 2 hours before recordings were made.
Extracellular Recording
The brain slice preparation technique has been described previously (Arora et al., 2013; Nimitvilai and Brodie, 2010) . Briefly, after deep isoflurane anesthesia, each rat was sacrificed and the brain was rapidly removed from the cranium. Coronal sections (400 lm) containing the VTA were cut and immediately placed in the recording chamber in which aCSF flowed at 2 ml/min at 35°C. The composition of the aCSF in these experiments was as follows (in mM): NaCl 126, KCl 2.5, NaH 2 PO 4 1.24, CaCl 2 2.4, MgSO 4 1.3, NaHCO 3 26, glucose 11. The composition of the cutting solution was as follows (in mM): KCl 2.5, CaCl 2 2.4, MgSO 4 1.3, NaHCO 3 26, glucose 11, and sucrose 220. All solutions were saturated with 95% O 2 /5% CO 2 (pH = 7.4).
Extracellular recording electrodes were made from 1.5-mm-diameter glass tubing with filament and were filled with 0.9% NaCl; tip resistance of all microelectrodes ranged from 2 to 4 MΩ. A highgain extracellular amplifier (x-Cell; FHC, Inc., Bowdoin, ME) was used in conjunction with a PC-based data acquisition system (ADInstruments, Inc., Colorado Springs, CO). Firing rate was determined before and during drug application and was calculated over 1-minute intervals throughout the entire recording period. The change in firing rate was expressed as a percentage of the baseline firing rate prior to administration of each concentration of GABA, to control for changes in firing rate that may occur over time.
GABA was added to the aCSF using a calibrated infusion pump from stock solutions 100 to 1,000 times the desired final concentrations. Electrophysiological recording was performed on spontaneously firing neurons while single concentrations of GABA (50, 100, 200, or 500 lM) were added to the superfusate in the recording chamber for 4 minutes, and followed by 8 minutes of washout for each concentration until baseline firing rate recovered, before the next concentration was tested. Neurons that did not return to at least 85% of the baseline firing rate during washout after GABA administration were excluded from data analysis. Final concentrations were calculated from aCSF flow rate, pump infusion rate, and concentration of drug stock solution. The small volume chamber (about 300 ll) used in these studies permitted the rapid application and washout of drug solutions. Salts used to prepare the extracellular media were purchased from Sigma (St. Louis, MO). The method for in vitro SAHA administration shown in Fig. S1 is described in the legend to that figure.
Cell Identification
During electrophysiological recording, the recording electrodes were placed in the VTA under visual control. Only those neurons which were located within the lateral VTA and which conformed to the criteria for DA neurons established in the literature and in this laboratory (Brodie et al., 1990; Lacey et al., 1989; Mueller and Brodie, 1989) were studied. As extracellular recordings were performed, it is not technically feasible to inject dye or use single-cell RT-PCR to determine whether we were monitoring neuronal activity specifically of dopaminergic neurons. Although not all units have been tested, neurons conforming to these electrophysiological criteria that were tested with baclofen in our laboratory have all been inhibited. Sensitivity to baclofen inhibition has been reported to be a more rigorous identification of DA neurons than testing them with other agents like DA (Margolis et al., 2012) .
Gold Immunolabeling of Acetylated H3K9, HDAC2, and GABA A Receptor a1 and a5 Subunits
The IHC method used in our laboratory has been described previously (Moonat et al., 2011; Pandey et al., 2004 Pandey et al., , 2008b You et al., 2014) . Rats were anesthetized with pentobarbital and perfused with 200 ml of normal saline, followed by 300 ml of 4% ice-cold paraformaldehyde (PFA) fixative prepared in 0.1M phosphate buffer (PB; pH 7.4). Following perfusion, brains were removed, postfixed overnight in PFA at 4°C, and cryoprotected using sequential placement in sucrose solutions (10, 20, and 30%) prepared in 0.1M PB. Brains were then frozen, and 20 lm brain sections containing the VTA were cut using a cryostat. Brain sections were washed in phosphate-buffered saline (PBS) twice for 10 minutes, then incubated in RPMI 1640 for 30 minutes, followed by two 30-minute blocking steps: in 10% normal goat serum (NGS) in phosphate-buffered saline with Tween-20 (PBST), then in 1% bovine serum albumin (BSA) in PBST. The sections were then incubated for 18 hours or overnight with primary antibody [HDAC2: 1:100 dilution (JM-3602-100; MBL International, Woburn, MA); acH3K9: 1:500 dilution (06-942; Millipore, Billerica, MA); GABA A a1 subunit: 1:200 dilution (ab33299; Abcam, Cambridge, MA); GABA A a5 subunit: 1:200 dilution (NB300-195; Novus Biologicals, LLC, Littleton, CO)] dissolved in BSA-PBST. Sections were subsequently washed with PBS (twice for 10 minutes) and 1% BSA-PBS (twice for 10 minutes) before incubation with the gold-conjugated secondary antibody (IgG [H + I]: 1:200 dilution; Ted Pella Inc., Redding, CA) for 1 hour. After washing with 1% BSA-PBS (3 times, 3 minutes each), then with distilled water (3 times, 3 minutes each), Silver Enhance Solution (Ted Pella, Inc.) was applied to develop the staining. Sections were washed, mounted on glass slides, and then dehydrated and coverslipped.
Gold-immunolabeled HDAC2, acetylated H3K9, GABA A a1, and a5 in the VTA were quantified using an image analysis system (Loats Associates, Westminster, MD) at 1009 magnification as described previously (Arora et al., 2013) . The threshold of each image was set so that an area without staining yielded zero counts.
Under these conditions, gold particles in 3 randomly selected object fields per section within the VTA in each of 3 adjacent brain sections (bregma: À5.2 to À6 mm; Paxinos and Watson, 1998) from each rat (9 total object fields per rat) were counted and the values averaged for each rat. The results are reported below as mean (AESEM) of the number of immunogold particles/100 lm 2 area for 5 rats per group.
Quantitative PCR
For qPCR, rats were euthanized with isoflurane; the brains were rapidly harvested, and the VTA was dissected on ice using RNasefree conditions. RNA was isolated from VTA tissue using RNeasy mini kit (Qiagen, Valencia, CA) and subjected to first-strand cDNA synthesis using reverse transcriptase (Thermo Fisher, Waltham, MA). Quantitative real-time PCR was used to determine the mRNA levels for HDAC2 (Hdac2) and GABA A receptor a1 (Gabra1) and a5 (Gabra5) subunits using specific primers and SYBR green PCR master mix (Bio-Rad, Hercules, CA). Specific primers are listed in Table S1 and SYBR green PCR master mix (Bio-Rad). PCR conditions were 95°C for 3 minutes, followed by 40 cycles of 95°C for 30 seconds, 58°C for 30 seconds, and 72°C for 30 seconds. Relative mRNA levels were determined by normalization to Gapdh using the DDCt method (Livak and Schmittgen, 2001 ).
Statistical Analysis
Statistical analyses were performed with Origin (OriginLab, Northampton, MA) or GraphPad Prism version 6.05 (GraphPad Software, Inc., La Jolla, CA). Comparison of differences in firing rate in response to GABA (Fig. 1 ) was analyzed by 3-way analysis of variance (ANOVA) (EtOH diet * SAHA treatment * GABA concentration). Protein levels of HDAC2 and acH3K9 (Figs 2 and 3) and GABA A receptor subunits a 1 and a 5 (Fig. 4) were compared using 1-way ANOVA. qPCR results of mRNA levels of HDAC2 (Fig. 3) and GABA A receptor subunits a 1 and a 5 (Fig. 4) were compared with a 1-way ANOVA. Tukey's post hoc tests were used for multiple comparisons testing as appropriate.
RESULTS
Effect of SAHA Treatment on VTA GABA Hyposensitivity Induced by Withdrawal from Chronic EtOH
A total of 41 VTA neurons from 19 rats were used for electrophysiological recordings in this study. These neurons had firing rates that ranged from 0.65 to 2.4 Hz, with an overall mean firing rate of 1.46 AE 0.07 Hz. All of the neurons were sensitive to inhibition by GABA. Up to 4 neurons were recorded per slice, with an average number of neurons per slice of 2.1 AE 0.25. Representative single-cell firing ratemeter graphs are shown in Fig. 1A .
The summary of GABA-induced inhibition of cells from all 4 treatment groups (CV, CS, WV, and WS) is shown in Fig. 1B . Consistent with our previous report in mice (Arora et al., 2013) , concentration-dependent inhibition of firing by GABA was observed in VTA neurons from Sprague Dawley rats in all cells recorded, 3-way ANOVA, F(2, 111) = 35.0, for main GABA effect, p < 0.001. There was a significant main effect of EtOH diet, 3-way ANOVA, F(1, 111) = 4.04, for effect of EtOH diet, p < 0.05, but not a main effect of SAHA, and a significant interaction of EtOH diet * SAHA, F(1, 111) = 6.98, p < 0.001. There was no difference in the response of VTA neurons to GABA in control diet-fed rats injected with either SAHA (CS) or vehicle (CV). When rats were withdrawn from chronic EtOH diet and given vehicle injection (WV), the VTA neurons of these animals showed significant reduction in sensitivity to GABA, compared to Fig. 1 . Effects of ethanol (EtOH) withdrawal and SAHA on GABA inhibition of ventral tegmental area (VTA) neurons. (A) Ratemeter graphs of single-neuron firing rates: Each graph represents the firing rate of a single VTA neuron over time; vertical bars are proportional to the firing rate over 5-second intervals. The duration of application of each GABA concentration (in lM) is indicated by horizontal bars. Neurons were recorded in brain slices obtained from EtOH-withdrawn rats after chronic EtOH exposure. Slices were made 2 hours after i.p. injection of SAHA or vehicle. Addition of GABA to the extracellular medium resulted in a dose-dependent reduction in firing in all of these neurons, although the responsiveness of the VTA neuron from the Withdrawal+Vehicle (WV)-treated rat was less than the responsiveness of VTA neurons from rats in the other treatment groups. (B) Mean concentration-response curves: Rats were randomly assigned into 4 groups as described in the Methods: GABA (50 to 500 lM) inhibited VTA neurons in a concentration-dependent manner, 3-way ANOVA, F(2, 111) = 35.0, main GABA effect, p < 0.001. VTA neurons of rats from the WV group (filled triangle) showed significant reduction in sensitivity to GABA, compared to Control+Vehicle (CV) and Withdrawal+Vehicle (WS) groups, 3-way ANOVA, F(1, 111) = 6.78 for (EtOH diet * SAHA) effect, p < 0.01; Tukey post hoc WV different from CV and WS p < 0.05. the CV and WS groups, 3-way ANOVA, F(1, 111) = 6.78, for EtOH diet * SAHA effect, p < 0.01 (Tukey post hoc WV different from CV and WS, p < 0.05). These data are consistent with our previous finding (Arora et al., 2013) that showed that withdrawal from repeated treatment with EtOH in mice produced a decrease in the response to GABA in VTA neurons. Interestingly, in the VTA of withdrawn rats that were injected with SAHA (WS), the response to GABA was not different from the control groups (CV and CS). These results indicate that rat VTA neurons are hyposensitive to GABA after withdrawal from chronic EtOH diet treatment and that in vivo administration of SAHA normalizes the attenuated GABA responses.
Our earlier study in mice demonstrated a decreased GABA sensitivity of VTA neurons during withdrawal from repeated EtOH treatment that was reversed by incubation with 3 lM SAHA in vitro (Arora et al., 2013) . To correlate with this previous study, we also incubated brain slices from rats after 24-hour withdrawal (W) with either 3 lM SAHA in DMSO (n = 8) or 0.1% DMSO vehicle (n = 9) for 2 hours before recordings were made. There was no significant difference in the baseline firing rate between the 2 groups (2.18 AE 0.35 Hz for slices incubated with DMSO; 2.33 AE 0.35 Hz for slices incubated with SAHA; t-test, t = 0.31, p > 0.05), and incubation with SAHA significantly increased GABA sensitivity of VTA neurons from rats in withdrawal from EtOH diet, 2-way ANOVA, F(1, 7) = 5.65, p < 0.05 (Fig. S1 ). This result confirms our initial finding in mice and further establishes that a 2-hour incubation, in vivo or in vitro, can counteract the GABA hyposensitivity of VTA neurons during withdrawal after chronic EtOH exposure.
Effects of Chronic EtOH Exposure and Withdrawal on acH3K9 Levels in the VTA
Our electrophysiological results showed that the HDACi SAHA reversed the GABA hyposensitivity of VTA neurons of rats withdrawn from chronic EtOH diet, suggesting that epigenetic modifications, especially histone acetylation, might have played a role in this response. Previous studies have shown a close association between alcohol withdrawal and acH3K9 Renthal and Nestler, 2008; Shibasaki et al., 2011) . In our previous study in mice, we found decreased acH3K9 during withdrawal (Arora et al., 2013) ; therefore, we measured the levels of acH3K9 in rat VTA using gold immunolabeling. For these experiments, all 5 treatment groups were used (CV, CS, EV, WV, WS). Figure 2A shows representative photographs of acH3K9 immunostaining, and the bar graph in Fig. 2B shows the mean acH3K9 protein levels in the VTA. Withdrawal from chronic EtOH exposure (WV) produced a significant Three treatment groups were used: control diet fed (C), EtOH diet fed for 16 days (E), and 24 hours withdrawal from 15 days of EtOH diet (W). No significant difference between treatment groups was observed (1-way ANOVA; p > 0.05, n = 10).
decrease, 1-way ANOVA, F(4, 20) = 6.85, p < 0.002, n = 5, in acH3K9 in the VTA, compared with all other groups (Tukey's post hoc test p < 0.05); note that the WS group was similar to the CV, CS, and EV groups. This indicates that SAHA normalized acH3K9 levels to control values. SAHA had no effect on the control fed group (CS vs. CV) (Tukey's post hoc test p > 0.05), indicating that SAHA only increased acH3K9 when the withdrawal-induced deficit was present.
Effects of Chronic EtOH Exposure and Withdrawal on mRNA and Protein Levels of HDAC2 in VTA
The electrophysiology results above indicate that in vivo administration of the HDAC inhibitor SAHA reversed the GABA hyposensitivity induced by withdrawal from chronic EtOH diet. Although there are 11 HDAC isoforms, a limited number of HDAC isoforms have been implicated in alcohol and substance abuse. Among them, the HDAC2 isoform is associated with synaptic plasticity (Guan et al. 2009 ) and alcohol drinking behaviors (Moonat et al., 2013; Sakharkar et al., 2014) . We have also demonstrated an increase in HDAC2 immunoreactivity during EtOH withdrawal in mice (Arora et al., 2013) . HDAC2 removal of acetyl groups on histone H3 (H3K9) has been associated with alcohol and drug-induced changes in gene expression Renthal and Nestler, 2008; Shibasaki et al., 2011) . Because acH3K9 was significantly decreased during chronic EtOH withdrawal (Fig. 2) , we measured the protein levels of HDAC2 in the VTA using gold immunolabeling. The same animals used to assess acH3K9 levels (CV, CS, EV, WV, WS) were used for the measurement of HDAC2 protein. Figure 3A shows photomicrographs of HDAC2 gold immunolabeling in the VTA, and Fig. 3B shows the quantitative assessment of gold particle density (mean AE SEM of the number of immunogold particles/100 lm 2 area) in the VTA. The results indicate a significant increase in HDAC2 protein in the VTA after withdrawal from chronic EtOH exposure compared with control groups, 1-way ANOVA, F(4, 20) = 7.891, p < 0.002, n = 5. The WV and WS groups were significantly different from the CV, CS, and EV groups (Tukey's post hoc test p < 0.05). The WV and WS groups were not different from each other, nor were the CV, CS, and EV groups different from each other. SAHA treatment also did not induce changes in the HDAC2 in either control (CS vs. CV) or withdrawal groups (WS vs. WV) (Tukey's post hoc test p > 0.05). Note that the EV group was not different from the CV and CS groups (Tukey's post hoc test p > 0.05). These results indicate that GABA hyposensitivity and decreased acH3K9 might be associated with an overexpression of HDAC2 in the VTA after withdrawal from chronic EtOH diet treatment.
We also performed qPCR to determine whether a change in mRNA expression paralleled the change in protein expression. Interestingly, HDAC2 mRNA expression was not changed after chronic EtOH diet (E) and withdrawal (W) compared to control diet (C) (Fig. 3C ). This indicates that the regulation of HDAC2 expression is at the protein but not the transcript level.
Effects of Chronic EtOH Exposure and Withdrawal on mRNA and Protein Levels of GABA A Receptor Subunits in the VTA
SAHA reversed withdrawal-induced GABA hyposensitivity (Fig. 1) , and this phenotype after alcohol treatment and withdrawal is associated with decreased histone acetylation (Fig. 2) , which in turn could regulate transcription of genes associated with GABA sensitivity. One group of obvious candidates are genes encoding GABA receptors (Arora et al., 2013; Bohnsack et al., 2017) . We have previously shown that blockade of GABA B receptors does not change the response to bath-applied GABA in VTA neurons (Arora et al., 2013) ; therefore, the response to these concentrations of exogenously administered GABA is primarily mediated by GABA A receptors. As it is known that changes in GABA A receptor subunit composition can alter the efficacy of the receptor (Whittemore et al., 1996) , we measured the mRNA expression levels of GABA A receptor subunits. Results shown in Fig. 4 indicate that the mRNA for GABA A a1, Fig. 4A , 1-way ANOVA, F(4, 17) = 4.478, *p < 0.05, and a5, Fig. 4B , 1-way ANOVA, F(4, 17) = 4.823, *p < 0.01, subunits is increased after withdrawal from chronic EtOH diet. The induction of Gabra1, but not Gabra5, mRNA was reversible by in vivo SAHA administration.
Since we observed a significant increase in mRNA levels of GABA A receptor a1 and a5 subunits, we measured the protein levels of these 2 subunits in the VTA using the immunogold labeling technique. Figure 4 shows that despite the changes in the mRNA expression, the protein levels of GABA A receptor subunits a1 (Fig. 4C) and a5 (Fig. 4D) are not different among the treatment groups (1-way ANOVA, p > 0.05), indicating that the functional reduction in responsiveness to GABA during withdrawal is not caused by altered protein expression of GABA A receptor subunits a1 and a5.
DISCUSSION
The present study demonstrates that in vivo SAHA treatment reverses GABA hyposensitivity of VTA neurons in rats withdrawn from chronic EtOH exposure. Furthermore, withdrawal was associated with an increase in HDAC2 protein and a decrease in acH3K9 protein levels. The GABA hyposensitivity observed in the present study is consistent with our previous report (Arora et al., 2013) that described the effect of in vitro HDACi treatment on GABA hyposensitivity of VTA neurons in mice repeatedly injected with EtOH. GABA hyposensitivity during withdrawal may be 1 physiological effect of chronic alcohol exposure that is common among different forms of EtOH treatment. Furthermore, in vivo treatment with SAHA 2 hours prior to sacrifice reversed the GABA hyposensitivity. This extends our previous observations and identifies withdrawal-induced alteration of histone acetylation as a factor in neuroadaptive changes in the VTA. The involvement of histone acetylation was also confirmed with immunohistochemical examination of acH3K9 and HDAC2, which indicates that withdrawal after chronic EtOH exposure increases HDAC2 protein levels and decreases histone acetylation (acH3K9) in the VTA, and that the HDACi SAHA reverses this deficit in histone acetylation. The reversal of the GABA hyposensitivity and acH3K9 by in vivo SAHA further supports the role of HDACi for treatment of alcohol-induced brain neuropathology.
The results of the present study are further supported by a number of recent findings examining the link between HDACs and brain changes induced by EtOH exposure and withdrawal. Condensation of chromatin as a result of H3K9 deacetylation (e.g., by up-regulation of HDAC2) should result in decreased gene expression, and HDACi could restore these deficits (Krishnan et al., 2014) . Treatment with an HDACi during withdrawal from chronic EtOH exposure restored H3K9 acetylation deficits, prevented the development of anxiety-like behaviors in rats (Pandey et al., 2008a; You et al., 2014) , diminished bingelike drinking in mice (Warnault et al., 2013) , and reduced operant alcohol selfadministration in rats (Jeanblanc et al., 2015; Legastelois et al., 2013; Simon-O'Brien et al., 2015) as well as drinking in alcohol-preferring rats . Our own work in the VTA of mice that received repeated EtOH injections indicated a relationship between GABA responsiveness in the VTA and HDAC2 (Arora et al., 2013) ; the current study reinforces this observation. A variety of epigenetic changes that underlie the GABA hyposensitivity in the VTA during EtOH withdrawal may be correlated with an increase in HDAC2 expression. The immunoreactivity for the HDAC2 isoform in the VTA is increased by withdrawal after chronic EtOH exposure, but the mRNA of HDAC2 was not altered. The lack of change in mRNA levels of HDAC2 suggests that the increase in HDAC2 is mediated post-translationally; additional studies will be needed to examine any alteration in the protein levels of other HDAC isoforms. We also found that SAHA treatment did not normalize the increase in HDAC2 observed during withdrawal from chronic EtOH exposure. These results suggest that SAHA normalized deficits in acH3K9 most likely via inhibition of HDAC activity but not by reducing HDAC2 protein levels in VTA.
Despite our earlier studies indicating that EtOH directly excites VTA DA neurons (Brodie et al., 1999) , numerous other factors clearly alter EtOH-induced excitation of DA VTA neurons, and, in turn, could affect the rewarding value of EtOH. EtOH hyperpolarizes GABA-containing neurons of the VTA (Gallegos et al., 1999; Xiao and Ye, 2008) and can affect glutamate action on VTA DA neurons (Stobbs et al., 2004) . Although the neurons recorded in this study had electrophysiological characteristics of DA VTA neurons, we do not strictly know whether the neuronal activity recorded in the present study is that of DA VTA neurons or non-DA neurons. However, a decrease in sensitivity to GABA inhibition for any neuron in the VTA could lead to a disruption of reward signal processing. In addition to affecting the sensitivity to GABA inhibition, withdrawal from chronic EtOH treatment may alter the responsiveness of VTA neurons to other neurotransmitters. Although we have previously observed GABA hyposensitivity with no change in the response to NMDA (Arora et al., 2013; Brodie, 2002) , it is possible that the increase in membrane resistance induced by decreased activation of GABA receptors could affect responsiveness to other neurotransmitters and agents, like DA. Increased inhibition by DA has been shown following in vivo EtOH experience (Perra et al., 2011) , and we have shown disruption of D 2 receptor desensitization on VTA neurons by EtOH (Nimitvilai et al., 2012) , which together could shift the balance of the synaptic inputs to these neurons toward less activity. This combination of events could underlie the decrease in VTA dopaminergic neuronal activity during EtOH withdrawal (Bailey et al., 2001; Diana et al., 1992; Ludlow et al., 2009; Shen and Chiodo, 1993) . Dynamic neuroadaptation in regulation of VTA neuronal activity could result in additional changes in DA VTA neuronal activity. For example, loss of GABAergic inhibition in the VTA, in combination with alteration in autoreceptor function, could result in a hyperdopaminergic state during protracted abstinence (Hirth et al., 2016) . Extensive time-course studies will be necessary to establish how withdrawal alters neurotransmission in the VTA over time, and how these alterations might shift the balance from reward to aversion during abstinence to promote relapse (You et al., 2018) .
Although activation of GABA B receptors can cause inhibition of DAergic VTA neurons (Lacey et al., 1988; Mueller and Brodie, 1989) , we have shown that the inhibition of VTA neuronal firing by bath-applied GABA is mediated primarily by GABA A receptors (Arora et al., 2013) . GABA A sensitivity can be altered in several ways: by a shift in GABA A subunit composition (Liang et al., 2007; Papadeas et al., 2001) , by other changes in the number or type of subunit expressed via alterations in gene expression, posttranslational modifications, synaptic localization, and intracellular signaling (Kumar et al., 2004) . It is also possible that GABA responsiveness is achieved by changing receptor trafficking, by altering subunit composition such as a decrease in GABA A b3 subunit (Parker et al., 2011) , or by reduction in endogenous GABA modulators like neurosteroids (Cook et al., 2014a,b; Olsen, 2018) . We found that GABA A a1 and a5 mRNA increased significantly after withdrawal from chronic EtOH exposure. We did not examine other GABA A receptor subunit mRNA, so there may be reduction in 1 or more of the other 17 subunits (Sigel and Steinmann, 2012) . Despite the mRNA changes for GABA A a1 and a5 subunits, we did not observe differences in protein expression of a1 or a5 subunit. These results indicate that changes in GABA A receptor subunit expression levels (a1 or a5) during EtOH withdrawal were not likely to have been responsible for the decreased sensitivity to GABA. It is possible that the increase in GABA A a1 and a5 transcripts is due to a homeostatic response to decreased GABA sensitivity induced during EtOH withdrawal. Interestingly, during EtOH withdrawal in mice, we noted alterations of GABA A a1 subunit composition (Arora et al., 2013) . Therefore, physiological changes in rat VTA in response to withdrawal from Lieber-DeCarli diet differ from withdrawal-induced changes in mouse VTA after repeated EtOH injections. Although there are numerous differences in the 2 methods, the most prominent differences are that the injection schedule that we used in our previous studies in mice was more intermittent, the administration in the mice was i.p. not oral, the bolus EtOH administration in the mice differed from the more regular intake of the Lieber-DeCarli diet in rats, and, of course, the species difference. It is known that different alcohol administration paradigms or durations can produce different withdrawal-induced alterations (Knapp and Breese, 2012; Lopez and Becker, 2005) , including different shifts in GABA A receptor subunit gene expression (Matthews et al., 1998) . Alteration of sensitivity to GABA could occur through other mechanisms, including decreased production of allopregnanolone Hasirci et al., 2017; Maldonado-Devincci et al., 2014) , redox modulation (Calvo and Beltran Gonzalez, 2016) , or regulation of synthesis, transport, or degradation of GABA (Roth and Draguhn, 2012) . Withdrawal-induced alteration of processes (e.g., allopregnanolone synthesis) in other types of cells (e.g., astrocytes or microglia) within the VTA could result in a decrease in GABAergic neurotransmission. It should be noted that increases in allopregnanolone levels were observed in the VTA of human alcoholics (Hasirci et al., 2017) , but no difference in allopregnanolone was observed in the VTA between controls and alcohol-exposed mice (Maldonado-Devincci et al., 2014) . The reversal of GABA hyposensitivity by SAHA and changes in HDAC2 and acH3K9 associated with withdrawal would be consistent with a more condensed chromatin during withdrawal and a decrease in mRNA expression of some of the factors increasing GABA sensitivity. Extensive additional studies will be needed to identify the factors and cell types under epigenetic control that are altered during withdrawal. Most interesting and perhaps most importantly, GABA hyposensitivity during withdrawal is reversed by HDACi in both mice and rats, despite differences between these species and the alcohol treatment methods that were used. This suggests that alcohol withdrawal-induced hyposensitivity to GABA inhibition in the VTA is a robust phenomenon and may be an important and fundamental response to alcohol withdrawal.
Electrophysiological responsiveness assessed the functional inhibitory action of GABA. We had shown previously that incubating brain slices with HDACi restored GABA sensitivity. Importantly, here we report that in vivo administration of the HDACi SAHA resulted in a normalization of GABA sensitivity as well. As with our previous study, chronic EtOH treatment and withdrawal produced a decrease in histone acetylation and up-regulation of HDAC2. In our current study, SAHA was given in vivo, and no additional SAHA was administered to the brain slices during the superfusion. Therefore, once in vivo SAHA reversed the withdrawal-induced GABA hyposensitivity, normal GABA responsiveness was sustained throughout the duration of the experimental day (from 1 to 7 hours after sacrifice). Furthermore, in vivo treatment with SAHA restored GABA sensitivity of VTA neurons during withdrawal but did not alter GABA responsiveness of control VTA neurons, suggesting SAHA produced a normalization rather than simply a general increase in GABA sensitivity. Interestingly, our current study shows that 2 hours between systemic SAHA injection and sacrifice was sufficient time for the phenotypic reversal of GABA sensitivity in VTA neurons. This was the same amount of time allowed for in vitro HDACi treatment both in our previous study (Arora et al., 2013) and in our experiment in rat VTA slices (Fig. S1 ), indicating that whether the HDACi is administered in vivo or in vitro, 2 hours is a physiologically relevant time frame for changes in histone acetylation and subsequent transcription of those elements related to the GABA sensitivity of VTA neurons.
Alteration of responsiveness of VTA neurons to GABA may be a physiologically significant factor during withdrawal. The association of these changes in the effects of GABA and epigenetic factors is consistent across the 2 models we have examined thus far and indicates that HDACi can reverse this withdrawal-induced alteration in physiology of VTA neurons. Whether other withdrawal-induced changes in the VTA, like increased sensitivity to EtOH excitation (Brodie, 2002) , are also regulated by HDACs or other epigenetic factors is another interesting question to be answered. The change in HDAC activity during withdrawal might be linked to withdrawal-induced craving, with reversal by an HDACi like SAHA. The fact that in vivo SAHA reverses changes in GABA responsiveness in the VTA during withdrawal after chronic EtOH exposure increases the potential for the use of systemic HDACi administration as therapeutic treatment for alcohol use disorder.
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